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A STUDY OF LIMITER DAMAGE IN A MAGNETIC FIELD ERROR REGION OF THE ZT-40M EXPERIMENT

H. Makowitz'. Consultant to CTR-2

Los Alamos National Laboratory, Los Alamos, New Mexico 87545

A study has been initiated of material plasma interactions on the ZT-40M, Rcversed Field Pinch
(RFP) plasma physics confinement experiment at Los Alamos National Laboratory. Observations of
the evaporation and cracking of TiC coatings, initially placed on an AXF-5Q Graphite mushroom
Yimiter, installed 1in a high field error region (e.g. an experimental vacuum vessel/liner port)
were investigated. A parametric study was performed of the thermal and stress behavior of the
limiter and coating materials undergoing plasma material heat exchange pro.esses, in order to
infer the magnitude of heat flux necessary to explain the observed material damage. In addition
the vacuum (liner) wall material behavior was studied parametrically using the same heat flux
values as the limiter study. A one-dimensional conduction model was used with applied heat and
radiation boundary conditions, for predicting temperature distributions in space and time, where
the thermal stress was calculated using a restrained in bending only plate model. Wall loadings
corresponding to first wall, limiter energy fluxes ranging between 1 x 102 W/cm2 and 1 x 103
W/cm? were used as parameters with plasma material interaction times (100) between 0.5 ms and

10 ms. Short plasma energy deposition time
temperature and stress were calculated for SS

> 10 ms) spacial
%0a,

and time histories of
Inconel-625, TiC and AXF-5Q Graphite

materials. The parametric study indicates that for 190 ~ 6 ms a wal) loading of = 1 x 10% W/cm?
m

resulss in the melting of Inconel and $S-304 first wal
results in the melting of TiC and Graphite.
strength occur for Q, greater 1 x 103 W/em?,

aterial and a loading of < 5 u« 10* W/cm?
For .nconel, stresses in excess of the tensile

The same {s true for $5-304., For Graphite AXF-5Q

the tensile strength is exceeded for Qp > 1 x 10* W/cm2. From the observations of damage and the

parametric results calculated it can be inferred that an energy flux of 1 x 10' W/em? < 0 ¢

5 x 10% W/cm? was observed over a time scale of 5 ms < ‘3? < 10 ms in the field error region, if
i

the model considcied is relevant to the phenomenon in que

1. DISCUSSION

A parametric study was performed using the
TASS! computer code, This code was developed
for system study purposes, and hence due to
its general nature was not optimized for the
problem presently teing analyzed. The physics
model wused consisted of a flat plate exposed
to a hecat flux Q, for time t, with radiation
bourdary conditicns for both surfaces, to T,
and Tw the surface temperatures of the i{nner
and outer walls relative to the limiter/first
wall surface. The basic enuation, Eq. (1), is
formylated in dimenstonless form, £q. (2), and
subject to a stability and convergence
criterion, Eq. (3). The boundary conditions,

on.

Eqs. (4) and (5), are formulated fin
dimensionless form, Eq. (8) and Eq. (9). The
thermal stress model used, Eq. (10}, 1% solved
using Simpson's rule, Eq. (11), for a given
temperature distribution at time t.

Convergence and stability analysis, for low
power cases, {ndicated that for long time
(~10 s) cases a time step of 0.2 ms and a
spacial mesh size of 15 nodes/iinear cm were
sufficient. Finer mesh and smaller time steps
were uscd where necessary for short times (¢
10 ms), In general, an ¢:curacy of < D-15% is
expected. For wall loadings {n excess of
1 » 104 wW/em?, smaller ax and At values were
used when necessary,

—
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Thermal stress mcdel plate restrained in
bending only:

g,, 0, " at {-T
Yy iz ) )
1
e [& Tix,thax ], {10

where £ = Youngs Modulus (PSI) ,
Coeff. of Thermal Expansion (%¢~l) |
v = Poisson's Ratio .

a
Calculated using Simpson's rule:

[§ T« 2T

+ 4L T(M) + 2L TM + T(MeD)] . (1)
odd even

2. PARAMETPIC STUDY RESULTS SUMMARY

The parameter study was carried out for a
wide range of U values, between 1 = 102 W/em?
and 1 = 105 W/cm?. A summary of short time (<
10 ms) results 1s pres<. uted in Fig. 1. [t can
be scen from the figure that a wall loading of
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FIGURE 1

Temperature versus time behavior.

« | x 10% W/cm? results in melting of Inconel
and SS first wall material and loading of = 5
x 10% W/rm2 result in melting of TIC 1nd
Graphite. Thermal material properties are
summarized on Tables I through IV.

TABLE 1. 1INCONEL-625

k = 0.2523 W cm1 Oc-1

Cp = 0.4102 J/(gmPC)

P = §.44 g/cm?

a * 16.20 x 1078 cm/em/OC

Yo, = 23.1 x 10% psi  (1400°F)

L] 0
Pratio * 0-329 (1400°F )

Tmelt = 1288 - 1349°C

TABLE II. §5-304

k © 0.2232 W cm! o¢-1
Cp = 0.5023 J/{gm°C)
P = 8.005 g/cmd
a = 18.54 » 10" em/cm/OC  (10009¢C)
Yo = 22.8 x 108 psi (1000°C)
Pratio = 0.32
Tmelt " 1500°C
TABLE 111. GRAPHITE AXF-5Q
k = 1.2098 W em-! Oc-!
¢ = 0.8372 J/(gm°C)
p - 1.8 q/cm3
a o« 7.7 % 107 ¢msem/oC
Ym = 1.6 n 108 psi

Pratip = 0:15

Thelt = 3550°C

Teu! = 3367%

Tvap * an27°c  (Boiling Point)
ax = 2,)876 cm
ax{Thermocouple) - 0.3175 cm



TABLE 1V. TiC PROPERTIES

k «  0.440 W cm~! O¢-1  (1273%)
Cp = 0.8833 J/{gm°C)
o « 4.9 gln/cm3

a = 8.6 » 10'6 cm/cm/%K
Y, = 61 x 105 ps
Pratio = 0.20

Tmett = 3140 & 90°C

Toi * 4820°%

ax = 20 x 106 m (thickness)

(1273%)

Thermal stress analysis for Inconel,
$S-304, Graphite, and TiC was performed as a
function of Q, for 10 ms and 1 ms energy
deposition times. Table V lists the relevant
stress failure parameters for the materials of
interest, where available. For Inconel-625,
stresses in excess of the tensile strength
occur for Q, greater than2 1 = 109 W/em,
The same is true for 55-304. For Graphite
AXF-5Q, the tensile strength is exceeded for
approximately a Q, of > 1 x 10% W/cmé.

3. PHYSICAL OBSERVATINNS AND CONCLUSION

A TiC coated AXF-5Q Graphite mushroom
1imiter, {installed in a high field error
region {(e.9., an experimental vacuum
vessel/liner port), was examined during and
after a number of ZT-40M discharges, by both

real time filming (camera) and direct physical
inspection. The damage, Fig. 2, can best be
characterized as evaporation and cracking (see
enlargement, Fig. 3) of the TiC coating. The
relevant 2T-40M discharge and machine
parameters are listed in Table VI.

From the observations of damage and the
parametric results calculated it can be
inferred that an energy flux of 1 » 10* {i/cm?
€ Qg €5 x 10“ W/cm? was observed gver a time
scale of F ms < Ta, < 10 ms in the field error
region, 1f the model considered {s relevant to
the phenomenon in question.
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TADLE VI. 2T-40M PARAMLTELS

GRAPHITE MUSHROOM LIMITER TESTS

Minor plasma radius 0.2 m
Mijor plasma radius 1.14 m
120-180 kA
Current Pulse Duration 5-7 ms

Toroidal current

Fill Pressure 2.0 mlorr
Te (on axis) ~ 200 ev
e ~ 1.5 x 10!%"3

TABLE V. STRESS MATERIAL PARAMETERS

$5-204

Inconel-625 TiC  Graphite AXF-5Q

Yield Strength 22,000 psi
Ultimate Tensile Strength 56,000 psi

Compressive Strength camma
Flexural Strength -——--
Tens{le Strength cum-a
Tensile Strain to Failure mm==a

42-110 ksi .mae- -—=a-
mmeea 280 MN/m? cnmun
—m-e- 875 MN/m? 19,000 pst
----- XL 12,000 psi

120-160 ksi wmena 8,000 psi

emmm mmmms 0.82



FIGURE 2
Gross surface damage of
graphite mushroom limiter.

FIGURE 3
Close-up of limiter damage.
cracking 15 shown.
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